M oyaMoya disease (MMD), a cerebral vascular disease, is characterized by progressive stenosis and occlusion of the terminal portion of the bilateral internal carotid arteries, leading to the formation of an abnormal vascular network composed of collateral pathways at the base of the brain. MMD can cause a reduction in the blood supply to the brain, and there are 2 major etiological categories of symptoms: those due to brain ischemia (i.e., stroke, transient ischemic attack, and seizure) and those due to the deleterious consequences of the compensatory mechanisms in response to ischemia (i.e., hemorrhage from fragile collateral vessels and headache aBBreViatiONS CBF = cerebral blood flow; DM = diabetes mellitus; EDAS = encephaloduroarteriosynangiosis; MCA = middle cerebral artery; MMD = moyamoya disease; mRS = modified Rankin Scale; PCA = posterior cerebral artery; STA = superficial temporal artery; T2DM = Type 2 DM. SuBmitted January 29, 2015. OBJectiVe Debate exists regarding the merits and shortcomings of an indirect bypass procedure for treating adult patients with moyamoya disease (MMD). Considerable variation in neovascularization occurs among different organs in patients with diabetes mellitus. Here, the effect of encephaloduroarteriosynangiosis on MMD associated with Type 2 diabetes mellitus (T2DM) is evaluated. methOdS A retrospective and 1:2 matched case-control study was conducted in moyamoya patients with or without T2DM (n = 180). Postoperative collateral formations were graded according to the Modified Collateral Grading System that originated from the Matsushima Angiographic Stage Classification. Neurological function outcomes before and after the operation were evaluated according to the modified Rankin Scale. Univariate and multivariate logistic regression analyses were performed to determine the risk factors for clinical outcome. reSultS There was no statistically significant difference in the constituent ratios of initial symptom and preoperative Suzuki stage between patients with and without T2DM. Progression of angiopathy around the circle of Willis was postoperatively observed in bilateral internal carotid arteries in both groups. Patients with T2DM had a higher postoperative Suzuki stage (p < 0.01) and more frequent development of collateral angiogenesis germinating from the external carotid after indirect revascularization procedures in the surgical cerebral hemisphere (82.7% vs 72.2%; p < 0.05). The extent of postoperative collateral formation in patients with diabetes mellitus was significantly higher (p < 0.01). Postoperative clinical improvement in the diabetes group was more common after revascularization procedures (p < 0.05), and the diabetes group had lower modified Rankin Scale scores (p < 0.05) in comparison with the nondiabetes group. Late postoperative stroke and posterior cerebral artery involvement were identified as predictors of unfavorable clinical outcome in both groups, while T2DM was associated with a favorable clinical outcome. cONcluSiONS Encephaloduroarteriosynangiosis is an efficacious treatment for adult patients with MMD. Patients with T2DM could achieve better collateral circulation and clinical improvement following surgery.
from dilated transdural collaterals). 27 Surgical revascularizations such as direct, indirect, or combined anastomosis have been proven to be effective in improving decreased cerebral circulation and clinical signs. 25 Encephaloduroarteriosynangiosis (EDAS) is an indirect revascularization procedure that has been shown to be beneficial for pediatric 6, 12, 22 and adult populations. 2, 5, 7 The results of revascularization due to EDAS are associated with some factors, including age, complications, and other unknown factors.
Patients with diabetes mellitus (DM) tend to develop more severe events in cerebrovascular and cardiovascular diseases. 4, 8, 13 Different outcomes of neovascularization attributed to DM have been found in various organ systems. 1, 10, 19, 26 The effect of DM on cerebral neovascularization remains unclear. In this study, we sought to investigate the effect of EDAS on clinical outcomes and explore the distinction of collateral circulation between MMD patients with and without type 2 diabetes mellitus (T2DM).
methods patient Selection
A consecutive surgical series of patients with MMD who underwent EDAS between April 2004 and December 2013 at the Department of Neurosurgery, 307th Hospital of PLA, Beijing, China, was reviewed to identify all patients 18 years and older at the time of surgery. All patients were diagnosed as having MMD based on cerebral digital subtraction angiography findings. Inclusion and exclusion criteria were set in accordance with the criteria for the diagnosis and treatment of MMD. 9 We divided all MMD patients into 2 groups: those with T2DM and those without T2DM. All T2DM patients had received a definite diagnosis of T2DM according to the World Health Organization's definition. 3 Sixty-one MMD patients with T2DM fulfilled the inclusion criteria above, but a female patient was excluded because she underwent neural stem cell transplantation after the operation. Finally, 60 MMD patients with T2DM composed the study group. Fifty-three patients with T2DM received medical intervention (36 patients took oral hypoglycemic agents, 7 patients were administered insulin, and 10 patients underwent combination therapy), and 7 patients adopted diet control before admission and during follow-up. By using a matched-pair case-control study design, 120 control participants were randomly selected and matched according to age and sex from the MMD patients without T2DM.
retrospective chart review
Clinical records, including hospital charts, clinic notes, and radiological studies, were reviewed. 7 All data were collected through March 2015. The study protocol was approved by the institutional ethics committee.
angiographic evaluation
Cerebral angiography was routinely performed within 1 to 2 weeks before surgery. The angiographic stages of MMD were estimated according to the Suzuki Angiographic Stage Classification. 33 We routinely checked the digital subtraction angiograms postoperatively in all patients (with or without T2DM) to assess collateral circulation in the superficial temporal artery (STA) to the operated hemispheres. Based on the classification proposed by Matsushima et al., 22 our angiographic outcomes were further graded into 4 degrees according to the extent of the blood supply: excellent, in which the area supplied by the surgical bypass covered over two-thirds of the middle cerebral artery (MCA) distribution; good, in which between twothirds and one-third of the MCA distribution was covered; fair, in which less than one-third of the cortical branch of the MCA was covered through the indirect bypass; and poor, in which no collateral circulation was observed.
To eliminate bias, 2 independent and blinded interventional radiologists were enrolled in this research to analyze the results of cerebral angiography.
Surgical technique
All patients underwent an EDAS procedure. Revascularization was performed based on the patient's symptoms, cerebral blood flow (CBF) studies, angiographic findings, and dominant side if no lateralizing signs or symptoms appeared. The original EDAS procedure with a posterior branch of the STA was performed. The course of the STA was mapped by an experienced neurosurgeon in order to identify the bifurcation preoperatively. The skin was incised over the STA, and a fascial strip measuring 7 to 8 cm × 1 cm and containing the artery was meticulously dissected. Bur holes were placed, and a small bone window craniotomy was performed along the superior temporal line. The dura was opened, and the fascial strip measuring 6 to 7 cm × 1 cm was sutured to the edges of the linear dural incision. The bone flap was replaced with ample space at the bur holes for the vessel. 21 A contralateral procedure was routinely performed 3 months after the first surgery.
clinical Follow-up
Long-term outcome was ascertained via clinical visits and telephone. Our clinical outcomes were divided into 4 grades: 1) excellent, in which the preoperative symptoms had totally disappeared with no fixed neurological deficits; 2) good, in which the symptoms had markedly decreased but neurological deficits remained; 3) fair, in which the symptoms persisted though less frequently; and 4) poor, in which the preoperative status remained either unchanged or worsened or new symptoms appeared. 20, 28 The modified Rankin Scale (mRS) was used to determine the neurological functional outcomes before and after operation.
Perioperative stroke was defined as either infarction or hemorrhage present on MR or CT imaging that developed during the surgery or within 1 month after the surgery. Late postoperative stroke was defined as such an event occurring during follow-up. Postoperative conditions and long-term outcomes were ascertained through the last clinical visit if the patients were unable to be contacted.
Statistical analysis
Unordered categorical variables were evaluated using the chi-square test or Fisher exact test, including the baseline data, operative effects, and late postoperative stroke during follow-up. The Wilcoxon signed-rank test was used to assess the changes in Suzuki stages and mRS between preoperation and postoperation in the same group. Meanwhile, the extent of the collateral formation, changes in mRS scores, and improvement of clinical symptoms were analyzed using the Wilcoxon rank-sum test. Univariate and multivariate logistic regression analyses were performed to determine the risk factors for clinical outcomes. Differences were considered statistically significant at p < 0.05. All statistical analyses were carried out using SPSS software for Windows (version 20.0; IBM).
results patient population
One hundred eighty patients with MMD were analyzed in our cohort, and the clinical baseline characteristics are summarized in Table 1 . In the diabetes group, only 21 (35.0%) patients were female. The most common initial symptom in both groups was cerebral ischemia, such as transient ischemic attack and cerebral infarction. Thirtysix patients (60.0%) demonstrated a slight advantage with an initial mRS < 2, in contrast to 75 patients (62.5%) in the nondiabetes group, though this was not statistically different. Thirty-two patients with T2DM were observed with steno-occlusive changes of the posterior cerebral artery (PCA) in comparison with 50 patients in the nondiabetes group (p > 0.05).
angiographic Outcomes
There were no statistical differences observed in the timing of postoperative angiography. The mean follow-up period lasted for a duration of 10.17 ± 4.63 months (range 6-24 months) in the diabetes group and 10.41 ± 4.93 months (range 6-25 months) in the nondiabetes group. No statistically significant differences in preoperative Suzuki stage were observed between the 2 groups (p > 0.05). Meanwhile, we found further progression of angiopathy around the circle of Willis postoperatively in both groups, respectively. Nevertheless, patients with T2DM had a much higher postoperative Suzuki stage than patients without T2DM (p < 0.01) ( Table 2) .
The development and extension of STA-leptomeninges collateral circulation after surgery were illustrated in Table  3 . Patients with T2DM were more likely to develop neovascularization in the surgical cerebral hemisphere (82.7 vs 72.2%; p < 0.05). In addition, statistically significant differences were observed between the 2 groups with regard to the extent grade of the collateral circulation (p < 0.01) ( Table 3) .
Surgical treatment
All patients underwent EDAS procedures for surgical treatment. Fifty bilateral and 10 right-sided procedures were performed in the T2DM group. Meanwhile, 120 Table 4) . While no statistical difference had been observed for clinical outcomes among different treatments of T2DM in the diabetic group (p > 0.05). Overall 13 patients suffered late postoperative strokes during close follow-up. Three patients with ischemic stroke (at 8 months, 48 months, and 54 months postoperatively) and 1 patient with hemorrhagic stroke (3 months postoperatively) were observed in the diabetes group. Five patients had 1 ischemic stroke and 4 patients had 1 intracerebral hemorrhage in the nondiabetes group. No statistically significant difference was detected for stroke occurrence or recurrent hemorrhage during the follow-up between the comparable series (p > 0.05). No fatal case was shown in MMD patients with T2DM; nevertheless, 2 of the nondiabetic patients (who initially presented with hemorrhage) died of brain rebleeding.
Univariate logistic regression analyses of the preoperative clinical variables showed that MMD was associated with T2DM (OR 1.919; 95% CI 1.054-3.496; p = 0.034) and identified as a predictor of favorable clinical outcome, while late postoperative stroke (OR 0.022; 95% CI 0.006-0.085; p = 0.000) and PCA involvement (OR 0.543; 95% CI 0.311-0.948; p = 0.032) were associated with unfavorable clinical outcomes (Table 5) . Multivariate logistic regression analyses of the preoperative clinical variables revealed that patients with T2DM (OR 2.132; 95% CI 1.123-4.047; p = 0.021) were associated with a favorable clinical outcome. Late postoperative stroke (OR 0.020; 95% CI 0.005-0.078; p = 0.000) and PCA involvement (OR 0.530; 95% CI 0.293-0.959; p = 0.036) were identified as predictors of adverse clinical outcomes (Table 6) .
Most of the patients in both groups experienced dramatic mRS improvement. More favorable outcome on mRS was observed in the diabetic MMD patients with a statistically significant difference between the groups (p < 0.05) ( Table 7) . discussion MMD is a chronic and progressive cerebral vascular disease with increasing prevalence. At present, 2 common approaches, indirect and direct revascularization, are recommended for the augmentation of CBF in MMD patients. Meanwhile, combined revascularization is performed in some neurosurgery departments. 25 There is wide controversy regarding the merits and shortcomings of the 2 surgical approaches for adults with MMD. 2, 5, 7, 23, 31 Starke et al. reviewed the literature concerning the surgical treatment and concluded that both direct and indirect bypass were effective. 30 Since there is a lack of randomized trials, it was noted that the selection of the surgical modalities depended on the preference and surgical technique mastered by the cerebrovascular neurosurgeon. 17 Furthermore, it is well known that patients with DM tend to develop stroke events in cerebrovascular and cardiovascular diseases. 4, 8, 13 In our cohort, all adult patients underwent EDAS. Adequate pial collateral vessel formation, and improvement in clinical outcomes and mRS scores, in addition to a reduced number of stroke events, were observed in both groups in our study. Thus, we conclude that EDAS is an effective procedure for adult MMD patients with and without T2DM. Furthermore, our multivariate logistic regression analyses also showed that T2DM was a favorable prognostic factor for clinical outcome following EDAS in MMD.
Previous studies attempted to identify the prognostic factors for postoperative complications and clinical outcomes. 5, 6, 11, 14, 32, 34 Preoperative cerebral infarction, younger age at onset, involvement of the PCA, intentional hypotension, high Suzuki stage, and postoperative ischemic events have been observed to correlate with postoperative complications and outcomes. According to the multivariate logistic regression analyses, our study showed that PCA involvement in both groups with no statistically significant differences preoperatively together with the late postoperative stroke was associated with unfavorable clinical outcomes, which was similar to the previous results observed in our center. 5 We speculate that PCA stenoses may influence regional CBF and cerebrovascular reactivity and then impair cerebral perfusion, which could lead to ischemic symptoms postoperatively. However, the limited number of patients and lack of evaluation on blood flow and metabolism before and after the surgery restrict our further research. Therefore, a unified assessment method for perfusion is needed.
Different outcomes of neovascularization attributed to DM have been found in various organ systems. Excessive angiogenesis exists in diabetic retinopathy and impaired angiogenesis in coronary and peripheral circulations. 1, 10, 19, 26 In our study, there was more frequent collateral formation in the diabetes group. Greater extent of collaterals (more than one-third of the MCA distribution) was also detected in patients with T2DM. We deduce that T2DM could promote pial collateral vessel formation in patients with chronic cerebral ischemia, such as MMD.
The mechanism of neovascularization affected by DM in various organs remains unclear. Li et al. had confirmed that angiogenesis and arteriogenesis showed remarkable increases in the number of collaterals, the diameters of the collaterals, the number of anastomoses, and microvessel density in T2DM Goto-Kakizaki rats. 16 The experimental results revealed a significant rise in the level of vascular endothelial growth factor (VEGF) and nitrotyrosine. 24 The levels of growth factors and cytokines that were regarded as important in the development of sprouting collateral vessels from the extracranial vascular system by indirect revascularization, such as the expression of VEGF, basic fibroblast growth factor, transforming growth factorb, granulocyte colony-stimulating factor, and hepatocyte growth factor, have been proven to be elevated in many studies in MMD patients. 35 Therefore, we propose the following hypothesis: the expression of growth factors and cytokines described above might be higher in MMD patients complicated with T2DM than in MMD patients without T2DM. Thus, more formation regarding collateral angiogenesis can be detected in MMD patients with T2DM.
Changes in the Suzuki stage, which were demonstrated to continuously progress postoperatively, were observed in both groups in our cohort. This means that the progression of angiopathy around the circle of Willis existed in our study just as other literature had reported. 15, 18, 29, 36 However, patients with T2DM demonstrated much higher postoperative Suzuki stages than nondiabetic patients. That is, more rapid progression of angiopathy around the circle of Willis existed in patients with T2DM. We speculate that aggravated cerebral ischemia caused by the progression of angiopathy might promote more neovascularization in MMD patients complicated with T2DM after indirect revascularization.
Several limitations have been found in the present study. First, the number of the T2DM patients in this retrospective study was small, and the patients in the nondiabetes group were matched only for age and sex. All potential confounding factors could not be controlled, and some influential factors were not taken into account. Therefore, studies on the relationship between collateral circulation and other risk factors are needed in order to provide further estimates. Second, analyses of CBF and metabolism were absent before and after the operations in our study. We did not adopt this approach due to the lack of quantitative data after neuroradiological examination in our center. Meanwhile, imaging methods for evaluating cerebral hemodynamics were different in our cases. Some patients underwent CBF SPECT, CT perfusion, and MR perfusion assessments, while others underwent PET evaluation. Therefore, a prospective study with a unified assessment method for perfusion is needed. Third, the lack of animal models of MMD may be the greatest obstacle to exploring the mechanisms for etiology, pathology, and pathophysiology involved in the collateral circulation between T2DM and nondiabetic MMD patients. Thus, we cannot perform a basic study to interpret our findings now.
conclusions
The present study reveals that EDAS is an efficacious treatment for adult patients with MMD. Patients with MMD with T2DM had more favorable prognosis and more collateral circulations following EDAS. Further prospective study and basic research need to be performed to investigate the factors affecting formation of the collateral vessels in MMD patients associated with T2DM.
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